C ardiac computed tomography (CT) is a rapidly evolving technology for the noninvasive evaluation of the cardiovascular system. Numerous potential roles for cardiac CT have been developed recently, such as investigating anomalous coronary arteries, evaluating for pulmonary vein stenoses, and preparing for repeated coronary artery bypass grafting. However, the indication of most interest to the public and physicians is evaluating patients for native vessel coronary artery disease (CAD) using coronary artery calcium (CAC) scoring and coronary computed tomographic angiography (CTA).
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C ardiac computed tomography (CT) is a rapidly evolving technology for the noninvasive evaluation of the cardiovascular system. Numerous potential roles for cardiac CT have been developed recently, such as investigating anomalous coronary arteries, evaluating for pulmonary vein stenoses, and preparing for repeated coronary artery bypass grafting. However, the indication of most interest to the public and physicians is evaluating patients for native vessel coronary artery disease (CAD) using coronary artery calcium (CAC) scoring and coronary computed tomographic angiography (CTA).
We searched the PubMed database and Google, from inception to September 2009, for keywords coronary artery calcium, coronary CT angiography, and radiation risk to identify information sources of interest. We also searched references in other review articles. From Google, Many options are available to clinicians for the noninvasive evaluation of the cardiovascular system and patient concerns about chest discomfort. Cardiac computed tomography (CT) is a rapidly advancing field of noninvasive imaging. Computed tomography incorporates coronary artery calcium scoring, coronary angiography, ventricular functional analysis, and information about noncardiac thoracic anatomy. We searched the PubMed database and Google from inception to September 2009 for resources on the accuracy, risk, and predictive capacity of coronary artery calcium scoring and CT coronary angiography and have reviewed them herein. Cardiac CT provides diagnostic information comparable to echocardiography, nuclear myocardial perfusion imaging, positron emission tomography, and magnetic resonance imaging. A cardiac CT study can be completed in minutes. In patients with a nondiagnostic stress test result, cardiac CT can preclude the need for invasive angiography. Prognostic information portends excellent outcomes in patients with normal study results. Use of cardiac CT can reduce health care costs and length of emergency department stays for patients with chest pain. Cardiac CT examination provides clinically relevant information at a radiation dose similar to well-established technologies, such as nuclear myocardial perfusion imaging. Advances in technique can reduce radiation dose by 90%. With appropriate patient selection, cardiac CT can accurately diagnose heart disease, markedly decrease health care costs, and reliably predict clinical outcomes.
Mayo Clin Proc. 2010;85(4):358-364 CAC = coronary artery calcium; CAD = coronary artery disease; CT = computed tomography; CTA = coronary computed tomographic angiography; EBCT = electron beam CT; ED = emergency department; ICA = invasive coronary angiography; MDCT = multidetector helical CT; MI = myocardial infarction; MPI = myocardial perfusion imaging; NPV = negative predictive value; PPV = positive predictive value we selected publications from trusted sources, such as the Food and Drug Administration and the National Academy of Sciences. From PubMed, we selected articles about test performance characteristics based on the quality of their methods, preferentially using randomized controlled trial data. We selected articles about clinical outcomes from randomized trials when available and from large cohorts as secondary sources. The purpose of this review is to summarize the recent data regarding accuracy, sensitivity, and specificity of CTA and the responsible use of cardiac CT.
CT TECHNOLOGY
Two types of CT scanners are available for imaging the heart. The first is electron beam CT (EBCT), which is an older technology infrequently used today. The second is multidetector helical CT (MDCT), which represents most CT use. Electron beam CT does not use a mechanical rotating gantry. Instead, an electron gun generates electrons, which are then electromagnetically steered across a stationary tungsten anode. 1 Although EBCT has excellent temporal resolution, 2 its spatial resolution is markedly less than that of MDCT, resulting in a notable decrease in the use of EBCT. The newest MDCT scanner section thickness is 0.4 mm, allowing reliable imaging of small structures, such as coronary arteries. For comparison, the crystal thickness of nuclear myocardial single-photon emission CT is 4 to 10 mm. State-of-the-art MDCT scanners use slip-ring rotating gantries that can revolve around the patient in 350 milliseconds or less. Only half rotation is required to generate tomograms; therefore, the heart can be imaged in 175 milliseconds or less. Another solution to the temporal resolution problem is the development of dual-source CT scanners. These instruments use 2 radiation sources and detectors at For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings a .
90°, reducing the temporal resolution further, to approximately 83 milliseconds or less. 3 These times are sufficiently short to image the heart during diastole for most patients. β-Blockade (typically with β 1 -selective agents) can be used to decrease the heart rate when necessary. Dual-source CT configurations and other high-temporal-resolution CT software configurations make it feasible to even perform imaging on some patients with dysrhythmias, such as atrial fibrillation. 4 To image the heart, it is necessary to synchronize the imaging process with the cardiac cycle. Two general techniques to accomplish this are prospective triggering and retrospective gating, which use an electrocardiogram for reference. Diastole is the optimal time to acquire images of the coronary arteries because the heart is nearly motionless. For information about ventricular function, the entire cardiac cycle must be imaged.
With prospective gating, MDCT predicts when diastole will occur and turns on the x-ray source after a preselected delay. The x-ray source remains on for only a brief period and is turned off before the next QRS complex. This brief x-ray pulse is sufficient to image the entire heart during a single heartbeat using the newest MDCT scanners. Prospective gating can reduce the radiation exposure by up to 90% compared with retrospective gating. With retrospective gating, the x-ray tube remains on throughout the entire cardiac cycle and for as many heartbeats as is required to image the entire heart. After data acquisition, images are reconstructed to represent any desired part of the cardiac cycle.
CLINICAL USES OF CARDIAC CT
Cardiac CT is a term encompassing several tests, including CAC scoring, CTA, ventricular function analysis, and structural analysis of masses, congenital defects, bypass grafts, and reconstructive procedures. Our review focuses on the assessment of CAD with CAC and CTA.
CAC SCoring
Calcium is frequently present in coronary atherosclerotic lesions and can be detected by any radiographic study; however, CT is the most sensitive. Hounsfield units are the standard measure of density in CT. Hounsfield units range from -1000 (air) to well over 1000 (cortical bone), and they are an indication of the density of tissues. Lesions greater than 130 Hounsfield units are attributed to coronary calcium. Agatston scoring is the most widely used method for quantifying coronary artery calcifications as seen on CT. 5 The score is derived by examining 3-mm-thick axial tomograms, identifying coronary plaques with calcium, and multiplying the plaque area by a weighting factor, which is determined by the maximum calcium lesion density. The other method commonly used is the volume method, which has been described as having better reproducibility and less variability. 6 One of the original uses of EBCT was for CAC scoring, although modern MDCT scanners are comparable to EBCT for CAC scoring. 7, 8 Overall, the presence of CAC is highly sensitive and moderately specific for detection of CAD. The negative predictive value (NPV) of a CAC score of 0 can be as high as 99% and is associated with a 0.1% annual risk of cardiovascular events 9 ,10 and 99.4% survival for 10 years.
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However, because of CAC's low specificity, its overall diagnostic accuracy is approximately 70%, and the test is inadequate as a single assessment for establishing the diagnosis of CAD.
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Scoring of CAC has been most thoroughly evaluated in asymptomatic patients with intermediate risk of major adverse cardiovascular events as predicted by the Framingham risk score. In this population, the risk of coronary heart disease death or myocardial infarction (MI) is 0.4% with a CAC score of 0 through 99, 1.3% with a CAC score of 100 through 399, and 2.4% with a CAC score of 400 or greater. 13 In addition to predicting the risk of a major adverse cardiovascular event, CAC scoring improves the area under the receiver operating characteristic curve for predicting major adverse cardiovascular events and is positively correlated with increasing hazard ratios with increasing tertiles of CAC score. [14] [15] [16] [17] [18] The CAC scores predict risk in all ethnic groups 19 despite the fact that the absolute CAC scores for the 90th percentile are different. 20 A study encompassing 20,000 patient-years of follow-up showed that all patients with an Agatston score greater than 100 had a relative risk increase of 9.2 for nonfatal MI or death and those with a score higher than 400 had a relative risk increase of 26.2. Agatston scores of 0, 1 through 99, 100 through 399, and 400 or higher correlated with total event (coronary death, nonfatal MI, bypass surgery, or angioplasty) rates of 0.54%, 1%, 5.5%, and 14%, respectively. 17 
CoronAry Computed tomogrAphiC AngiogrAphy
Coronary computed tomographic angiography is a noninvasive anatomic assessment of CAD. In determining its optimal role in cardiac imaging and risk assessment, experts have compared it with other noninvasive tests, with anatomic tests, and in unique clinical environments. As with other diagnostic tests, CTA has also been studied for its capacity to predict future cardiovascular events.
Noninvasive testing is widely used for diagnosing CAD, and clinicians have several options to select from. Although CTA investigates for CAD based on anatomy rather than function, such as with dobutamine stress echocardiography, nuclear myocardial perfusion imaging (MPI), and positron emission tomography, the overall performance For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings a .
of these tests at accurately diagnosing the presence of CAD is similar. Nixdorff et al 21 studied 71 patients with dobutamine stress echocardiography and CTA. The positive and negative likelihood ratios for dobutamine stress echocardiography were 4.37 and 0.36 compared with 3.50 and 0.11 for CTA, respectively. Budoff et al 22 studied 30 patients, and the sensitivity and specificity of CTA (94% and 96%, respectively) were higher than for nuclear MPI (81% and 78%, respectively). Gaemperli et al 23 studied 78 patients (24% with known CAD) referred for invasive coronary angiography (ICA) with CTA and MPI. Both CTA and ICA performed similarly at predicting reversible ischemia detected on nuclear MPI. The area under the receiver operating characteristic curve was 0.88 for CTA and 0.87 for ICA. Chow et al 24 found that CTA was more sensitive and specific than rubidium 82 positron emission tomography. Sato et al 25 studied 104 patients with CTA and thallium MPI. As with other studies, the NPV of CTA was excellent (99% at >60% stenosis and 96% at >70% stenosis). Ravipati et al 26 studied 47 patients with CTA and MPI. The positive predictive value (PPV) and NPV of CTA were 92% and 100%, respectively, in this population. The MPI performed markedly worse, with a PPV of 78% and an NPV of 28%.
Coronary computed tomographic angiography has been compared directly to ICA, which is the most commonly used anatomic test for CAD. In 4 studies of patients referred for ICA, CTA demonstrated an NPV of 95% to 100%, even in patients with markedly elevated CAC scores. [27] [28] [29] [30] In the CORE-64 (Coronary Artery Evaluation Using 64-Row Multidetector Computed Tomography Angiography) study, 266 patients from 9 centers worldwide underwent CTA before ICA. Patients with Agatston scores higher than 600 were excluded. The NPV of CTA was less than that reported in other studies (83%); however, CTA performed the same as quantitative coronary angiography for predicting the need for percutaneous coronary intervention or coronary artery bypass grafting in the subsequent 30 days (area under the receiver operating characteristic curve of 0.84 and 0.82, respectively). 31 In summary, in patients with high pretest likelihood of CAD, such as those referred for ICA, the predictive value of a negative test result is excellent. The specificity of CTA (90% in CORE-64 study) is inadequate to replace diagnostic ICA at this time.
In addition to these comparisons to existing imaging modalities, CTA has distinct advantages in some unique clinical situations. Coronary anomalies can be diagnosed with ICA; however, volume scanning with CT allows reproduction of an image from camera angles not permitted by the limits of ICA, making CT highly accurate for this diagnosis. 32 Identification of noncalcified plaque, vessel remodeling, and spotty calcification has been demonstrated with CTA. 33 Low-attenuation plaque has been shown to be predictive of future acute coronary syndromes, with 76% specificity and a hazard ratio of 22.8 at 24 months of follow-up. 34 The performance of CTA has been studied in specific patient environments, such as the emergency department (ED). In the ED, CT can differentiate patients with acute chest pain with and without CAD. Gallagher et al 35 performed a prospective evaluation of 85 patients with CTA and MPI. In these patients, the NPV was 99% with CTA and 97% with MPI. No major adverse cardiac events occurred in 30 days of follow-up in patients who had been evaluated in the ED. Goldstein et al 36 analyzed the costbenefit of using 64-section MDCT in the ED; 197 patients were randomized to undergo CTA or nuclear MPI in addition to standard care. Mean duration of stay in the ED was 3.4 hours for the CTA group and 15 hours for the MPI group, with an average savings of nearly $300 per patient by using CTA. No adverse cardiovascular events occurred in either group after 6 months of follow-up.
Data demonstrate that CTA can predict patient outcomes. Gopal et al 37 described 493 patients who underwent CTA with 100% follow-up during a mean ± SD of 40±9 months. No MI, stroke, cardiac hospitalization, or death occurred in patients whose CTA demonstrated absent or nonobstructive CAD (no lesion >50% stenotic). Survival was 79% in patients with obstructive CAD. Hadamitzky et al 38 studied 1256 consecutive patients prospectively for 18 months. They found that the presence of obstructive CAD on CTA was associated with an odds ratio of 17.3 of severe cardiac events (cardiac death, MI, or unstable angina). In patients without CAD, the rate of cardiac events was markedly lower than was predicted by Framingham risk estimation.
In summary, CTA provides useful diagnostic and prognostic information in a variety of patient populations. The accuracy of CTA is similar to many other diagnostic studies, and CT can be used as a tool to avoid unnecessary risks of invasive tests, such as ICA.
RADIATION RISK ASSOCIATED WITH CARDIAC CT
Perhaps the most often discussed drawback of cardiac CT imaging modalities is concern about radiation exposure. Discussion of this topic is difficult because of confusing terms, imprecise measures of radiation dose, and limited evidence to accurately estimate future risk from exposure. The most commonly used term in the medical imaging literature to reflect the biological risk associated with exposure to ionizing radiation is the effective dose, which is expressed in units of millisieverts (equivalent to millijoules absorbed per kilogram of tissue). 39 The effective dose is a mathematical concept used to describe how the energy delivered to an organ can be extrapolated to For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings a .
a whole-body estimate of harm. The effective dose was originally intended as a measure of how to estimate risk from radiation exposure in people who have occupational exposure to radiation sources. It has been adopted by researchers to compare radiation doses from various medical imaging modalities. Despite its widespread use, the effective dose should be considered applicable only for aggregate comparisons, not as risk attributable to a single patient undergoing a single scan. Although the effective dose is a relatively interchangeable value for measuring radiation dose, the dose in similar CTAs varies considerably. A recent analysis of radiation dose from cardiac CT in 1965 patients from 50 medical centers demonstrated a 6-fold variation in median dose among sites. Marked variability existed even when performed on the same scanner in the same institution. 40 Most patients in that study (94%) underwent a retrospectively gated CT scan. Use of a prospective gating, dose-limiting scanning protocol was observed to markedly reduce radiation dose by 76%. In conjunction with other previously noted dose reduction strategies, radiation can be reduced to the range of diagnostic ICA. 41 Other reasons for the observed variation include patient characteristics, such as weight and heart rate.
Even with reduced doses, the ultimate question is assessing the risk associated with small doses of radiation. Data exist on large single doses from a nuclear explosion or accident, but these data are difficult to extrapolate to the small repeated doses used in medical imaging. The largest epidemiological study to date, with more than 5,192,710 person-years of follow-up in people exposed to workplace radiation, concluded that a dose-response relationship exists between radiation exposure and some types of cancer. However, the authors further concluded that the study could not assess the effect of very low doses (<10 mSv). 42 An extensive review of the literature along with point estimates of risk for various types of cancers has been published by the National Academy of Sciences. 39 A similar review intended for a general public audience is hosted on the Food and Drug Administration Web site. 43 All this information about the risk of medical imaging must be considered in the context of other radiation exposures. All people experience an average exposure of 3 mSv per year from cosmic radiation, radon, and other naturally occurring radiation sources (range, 1-10 mSv).
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Background radiation is just one of many environmental and medical sources of radiation exposure 41, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] (Table) . However, little objection is raised regarding the use of technetium-based nuclear MPI, despite the fact that the radiation dose from MPI is similar to or greater than the dose from a newer-generation cardiac CT study. If proper radiation control measures are used, a prospectively gated CTA causes less radiation than some people receive annually from the background and is one-tenth the dose from a thallium-based MPI study.
Finally, although radiation from medical imaging introduces certain risks, the failure to diagnose important disease introduces separate and distinct risks for patients. Balancing these risks is the key to responsible use of all diagnostic tests, including cardiac CT.
SELECTING THE APPROPRIATE PATIENT FOR CTA
The American College of Cardiology, American College of Radiology, and several other subspecialty societies have outlined criteria for appropriate use of cardiac CT. 56 Physicians from the participating groups reviewed potential indications for cardiac CT and rated the indications based on a balance between evidence of and experience with cardiac CT; these indications were based on the Delphi method from the RAND corporation. 57 The 2006 appropriateness criteria did not recommend routine use of CTA for the investigation of CAD; however, the clinical experience and use of CTA have markedly expanded since that time, and the criteria are currently being revised.
ILLUSTRATIVE CASES
To illustrate how CTA might be used for patients encountered in a general medical setting, we describe 3 patients who may warrant evaluation for cardiovascular disease. Key to deciding whether CTA is appropriate is to know whether the patient has already been diagnosed as having CAD and For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings a .
determining the pretest probability of making the diagnosis of CAD. The authors of the appropriateness criteria used the quality of patients' symptoms, their age, and their sex to determine their pretest probability, as described in the American College of Cardiology/American Heart Association Guideline Update on Exercise Stress Testing 58 ( Figure) .
CASe 1
This patient is a 45-year-old male advertising executive whose father died of an MI at the age of 72 years. His mother has diabetes mellitus and stage 3 chronic kidney disease. The patient has hypertension, which is currently being treated with 25 mg of hydrochlorothiazide. He has experienced no chest pain and would like to know about his risk of cardiovascular disease. It is not uncommon for the "worried well" to read about new medical technology or new laboratory tests and believe that additional testing is superior to less testing. However, we know that, in patient populations with very low pretest probability, the likelihood of a false-positive test result can be a serious concern if it then leads to further, sometimes invasive, testing, which unnecessarily exposes patients to more risk. Because this patient has no symptoms, his pretest probability of CAD is 5% to 10%. 58 Because his pretest probability is so low, CTA would be inappropriate; however, CAC scoring may be appropriate. If the patient's total CAC score is 0, his annual risk of a cardiovascular event would be approximately 0.1%, whereas his risk of death is less than 0.4% throughout the following 10 years. The patient can simply be reassured of his favorable risk profile. However, if his total CAC score were elevated (any value greater than zero), it would be appropriate to consider primary prevention with aggressive medical therapy. Further review of this practice has been published. 59 
CASe 2
This patient is a 63-year-old man who continues to smoke despite a history of MI treated with a drug-eluting stent 2 years ago. During the past 3 months, he has had a progressive increase in dyspnea when working on his farm.
We know that this patient already had CAD, and his symptoms are concerning for progressive angina. The de-FIGURE. Responsible use of cardiac computed tomography in evaluating chest pain. This flow diagram incorporates coronary computed tomographic angiography (CTA) in a suggested framework for evaluating a patient with acute chest pain. See the American Heart Association criteria for further detail on the assessment of pretest probability. 58 
CASe 3
This patient is a 52-year-old woman who has diabetes mellitus managed with diet and glyburide. Both her parents had MIs at unknown ages. She has no personal history of CAD but is concerned about recent exertional arm discomfort, which is relieved with rest. Painful osteoarthritis makes walking difficult. This patient has symptoms of atypical angina (arm pain provoked with exertion and relieved by rest). Her age and sex predict an intermediate (10%-90%) pretest probability of CAD based on American College of Cardiology/ American Heart Association guidelines. 58 Her osteoarthritis limits her ability to exercise for stress testing. Coronary computed tomographic angiography would be an excellent noninvasive evaluation.
CONCLUSION
Cardiac CT, and particularly CTA, is a rapidly improving noninvasive imaging modality for assessment of many types of cardiac disease, especially CAD. The technology has limitations, particularly in patients with arrhythmias or prior CAD and stenting.
Coronary artery calcium scoring has excellent NPV, which is additive beyond traditional risk factor assessment, such as Framingham risk. Extensive data have demonstrated the prognostic value of CAC scoring. These data suggest that aggressive medical therapy for patients with high CAC scores (>400) is beneficial. 60 Because the data are not conclusive, this treatment strategy is not part of current guidelines. If concern about CAD persists, other appropriate tests should be considered.
Coronary computed tomographic angiography has excellent NPV. Currently, it is not an adequate replacement for diagnostic catheter-based coronary angiography, and it does not reliably predict ischemia. Performance of CTA for diagnosing CAD is comparable, if not superior, to other noninvasive and functional imaging modalities. In addition, CTA can provide excellent diagnostic information for a reasonable radiation dose, although dose varies considerably in different centers with different equipment and protocols.
Coronary computed tomographic angiography has been shown to be a useful test in assessment of a variety of patients in multiple clinical settings. For the primary care physician and general medical physician, it can be a valuable test for evaluation of acute and chronic chest pain syndromes in patients with an intermediate likelihood of CAD.
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